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Abstract 
In this study, ionic liquid-amine ([BMIM] [AC]+MEA) hybrid solvent was prepared for CO2 capture and its properties were investigated. The 
hybrid solvent was prepared at different ratios of ionic liquid-amine concentration. The properties such as density, viscosity and refractive 
index of aqueous ionic liquid-amine ([BMIM][AC]+MEA) hybrid solvent were investigated at different ionic liquid to amine mass ratios of 
0.33, 0.6, 1, 1.33 and 1.67 and ionic liquid-amine hybrid mass fraction(w1+w2) % in the aqueous solution of  (0.1+0.3), (0.2+0.3), (0.3+0.3), 
(0.4+0.3), (0.5+0.3) wt.% respectively. The temperature used for each sample investigation was varied from 298.15-313.15 K at the intervals of 
5 k. From the investigation conducted, it was demonstrated that increasing the concentration of ionic liquids in the aqueous ionic liquid-amine 
hybrid solvent increased the density, viscosity as well as refractive index of the hybrid solvent. The temperature has a reverse effect on these 
properties though the effect of temperature on viscosity at a higher temperature greater than 340 k is less dependent on the concentration of the 
hybrid solvent. It was also observed that small change in temperature has a negligible effect on the density of hybrid solvent. 
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1. Introduction 
CO2 is considered as one of the primary greenhouse gas and its emission is continuously increasing from the burning of fossil 
fuels due to their high energy demand [1]. CO2 is emitted to the atmosphere from different industrial sources of hydrogen 
production, power plants that utilize coal as energy sources, refining of oil and natural gas sweetening [2]. The use of energy 
based fossil fuels is a primary source of pollutants and greenhouse gasses which encompass CO2, sulfur and nitrogen. Continuous 
emission of such pollutants without control to the environment results in global warming, melting of polar ice caps, glaciers, 
rising of sea level and devastating weather patterns. More than 60% of greenhouse gas is contributed by the emission of CO2 
from different sources; CO2 is the main gas for the increase of global temperatures [3]. Different types of techniques are being 
utilized at commercial scale for CO2 capture. Among these techniques, chemical absorption is the most economical and 
commercially established technique for treating large volumes of gas at a different level of concentrations [4]. There are the 
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different type of solvents (with different concentrations) being used in the absorption process and at the same time, solvents are 
regenerated for further use [5].  
Currently, amine scrubbing is a commercially utilized and well-established technique in which aqueous alkanolamines and 
their mixtures are widely used in absorption process [6]. In the USA, about 95% separation process are based on the amine 
scrubbing [7]. Amines of monoethanolamine, diethanolamine and methyldiethanolamine are employed at large scale for CO2 
capture. An aqueous solution of manoethanolamine has been extensively used in most of the processes due to its high reactivity 
with CO2, low cost and low absorption for hydrocarbons [8]. However, the drawbacks of aqueous alkanolamines are its low CO2 
capture capacity, high vaporization of solvent, degradation, and poor thermal stability as well as the equipment corrosion [9-11]. 
Regeneration of the solvent may increase the total operating cost up to 70% [12].  
Ionic liquids emerged as alternative solvents as ionic liquids have unique properties of low volatility, high thermal stability, 
high solubility with CO2 and some tunable characteristics which make them a designer solvents for CO2 capture [9, 13-15]. 
Among these ionic liquids imidazolium based ionic liquids have a higher affinity for CO2 [16, 17]. The main drawbacks with 
these ionic liquids are their high viscosity and low loading capacity as compare to commercially available amines [18]. Amine 
functionalized task-specific ionic liquids (TSILs) are also used to get green properties of ionic liquids and high reactivity of 
amines [19-21]. But synthesizing and purifying these ionic liquids involves several steps which are not cost competitive as 
commodity available amines. 
   A better strategy is to enhance the performance of these solvents is to mix imidazolium based ionic liquids with the 
commercially available amines in order to get its environmentally friendly properties and amines high reactivity. It was reported 
that CO2 has high solubility in [BMIM] [AC] [22]. Camper et al., [7] investigated that hybrid solvents of MEA with RTILs are 
capable of capturing CO2 rapidly and reversibly. And it was also investigated that the loss of the amine is much less in MEA-IL 
mixed solvent than pure MEA [22]. Krupiczka et al., [23] reported that MEA-IL hybrid mixture reduces the regeneration energy 
up to 15% as compared to MEA process. Aqueous ionic liquid-amine ([BMIM] [AC]+MEA) hybrid could be a better solvent for 
CO2 capture with high loading capacity, improved absorption rate, and energy efficient process. The physical properties data for 
the ionic liquid-amine hybrid absorbents is available for only a few hybrids. To the best of our knowledge no any published data 
is available in the literature for ([BMIM] [AC]+MEA) hybrid solvent. Physical properties of the solvents are considered very 
important, in the investigation of absorption capacity, the rate of absorption, data collection for designing and scaling up of 
process equipment for absorption and scrubbing process [24]. In this research work aqueous ionic liquid-amine ([BMIM] 
[AC]+MEA) hybrid solvent was prepared and its physical properties were investigated. 
2. Material and methods 
Reagent grade monoethanolamine (MEA) with 99.5 % purity was purchased from Merck chemicals, Malaysia and imidazolium-
based ionic liquid 1-Butyl-3-methylimidazolium acetate ([BMIM] [AC]) with 95% purity was purchased from Sigma-Aldrich, 
Malaysia.  The aqueous ionic liquid-amine ([BMIM] [AC]+MEA) hybrid solvent were prepared at the following conditions:  
ionic liquid to amine mass ratio  0.33, 0.6, 1, 1.33 and 1.67 and ionic liquid-amine hybrid mass fraction (w1+w2) % in the 
aqueous solution were (0.1+0.3), (0.2+0.3), (0.3+0.3), (0.4+0.3), (0.5+0.3) wt.%, respectively. Samples were prepared and kept 
for 24 hours at room temperature to enhance complete miscibility. After preparation, prior to analysis, the samples were kept in 
glass vials and closed with screw caps to avoid any moisture contamination. Samples were taken out with the help of the syringe 
and immediately placed inside the equipment to avoid moisture contamination. 
2.1 Experiments for the determination of the properties of hybrid solvent 
A digital Anton Par density meter (DMA-4500 M)  with a measuring accuracy of ±0.00004 g∙cm−3 and  temperature control 
accuracy of ± 0.03 K was used to measure the density of aqueous ionic liquid-amine ([BMIM] [AC]+MEA) hybrid. Density 
values were investigated between temperature ranges of 298.15-343.15 K at regular interval of 5 K. Viscosity of aqueous ionic 
liquid-amine ([BMIM] [AC]+MEA) hybrid was measured by digital Anton Par micro-viscometer (Lovis-2000 M) with a suitable 
capillary tube. All of the viscosity measurements for each temperature are the average of the three viscosity values with an 
accuracy of ± 0.003 mPa.s. And the experimental data were compared with the literature. The sample was kept inside the 
equipment until the temperature comes to equilibrium and the temperature accuracy was ± 0.02K.  Refractive indexes of the 
different concentrations of the hybrid mixture were measured with a digital Anton Par refractometer (abbemet) between 
temperature ranges of 298.15-343.15 K at regular interval of 5 K. In all experiments, a standard water of Millipore quality was 
used to calibrate the equipment after every measurement. The reported data is the average of three measurements for every 
temperature. 
3. Results and Discussion 
Physical properties of pure ethanolamine (MEA) were estimated to validate the experimental results of aqueous ionic liquid-
amine ([BMIM] [AC]+MEA) hybrid solvent. The literature and experimental values of pure MEA at two different temperatures 
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(303.15, 313.15 K) are given in Table1. The percentage average absolute deviation (% AAD) values were calculated from 
equation (1). 
¦  100*1% expexpX XX litnAAD  (1) 
The experimental results are in good agreement with literature data as indicated by the percentage average absolute deviation 
(% AAD) values for each property. 
Table 1: Comparison of the experimental observation of density, viscosity and refractive index of pure monoethanolamine (MEA) with literature data for 
equipment calibration 
 ρ/g∙cm−3  η/mPa.s  nD 
T/(K) This work lit. value % AAD  This work lit. value % AAD  This work lit. value % AAD 
303.15 1.008203 1.00970a 0.1959  15.1677 15.1088b 3.2715  1.450661 1.45273a 0.1519 
313.15 1.000306 1.00274a   10.6781 10.0209b   1.446799 1.44913a  
aTaib and Murugesan (2012); bLe and Lie (1994) 
3.1 Density of hybrid solvent 
Density of aqueous ionic liquid-amine ([BMIM] [AC]+MEA) hybrid solvent was measured at the temperature range of 298.15 to 
343.15 K at the interval of 5 K. As presented in Figure 1, it was observed that with increasing the concentration of ionic liquid in 
aqueous ionic liquid-amine ([BMIM] [AC]+MEA) hybrid solvent, the density of the hybrid solvent increases. The density of the 
ionic liquid [BMIM] [AC] is much higher than MEA in their pure forms, therefore with the slight increase in the concentration of 
the ionic liquid in the hybrid solvent the density increase.  However, the density of the hybrid solvent decreases with increasing 
temperature as expected. The intermolecular forces weaken between the molecules of the solvent with the increase of the 
temperature. The observed result demonstrated that the ionic liquid-amine hybrid solvent density has a direct proportionality with 
concentration and a small increase in concentration significantly affect the density of the hybrid solvent. On the other hand, the 
hybrid solvent has an inverse relation with temperature and a small change in temperature has a negligible effect on the density of 
hybrid solvent. 
Figure 1: Plot of experimental observations of density of aqueous ionic liquid-amine ([BMIM] [AC]+MEA) hybrid solvent at different concentration and 
temperature 
3.2 Viscosity of hybrid solvent 
Viscosity of aqueous ionic liquid-amine ([BMIM] [AC]+MEA) hybrid solvent at different ionic liquid concentration and the 
temperature is depicted in Figure 2. Figure 2 demonstrated that the viscosity of hybrid solvent increases with increasing the 
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concentration of ionic liquid in the hybrid solvent. This is because, with a small increase in the concentration of the ionic liquid, 
the internal resistance between the molecules in the hybrid solvent increases tending the properties of the hybrid towards that of 
the ionic liquid which has higher viscosity as compared to viscosity of MEA. The temperature has a negative effect on the 
viscosity of hybrid solvents. Increasing the temperature weakens the molecular resistance to flow such that the viscosity of hybrid 
solvent decreases with increasing temperature. At a high temperature of greater than 340 K, the effect of concentration on the 
viscosity of the hybrid solvent is less significant and the effect of temperature becomes dominant as illustrated in Figure 2. 
Figure 2: Plot of experimental observations of viscosity of aqueous ionic liquid-amine ([BMIM] [AC]+MEA) hybrid solvent at different concentration and 
temperature. 
3.3 Refractive index of hybrid solvent 
Similar to density and viscosity, increasing the concentration of ionic liquid in ionic liquid-amine ([BMIM] [AC]+MEA) hybrid 
solvent increases the refractive index of hybrid solvent as shown in Figure 3. A slight increase of the concentration of ionic liquid 
increases the refractive index significantly. The effect of temperature on the refractive index of the hybrid solvent was also 
investigated, with the increasing in temperature decreases the refractive index of aqueous ionic liquid-amine ([BMIM] 
[AC]+MEA) hybrid solvent. Temperature has a minor effect on the refractive index, with the increase in temperature there is 
slightly decrease in refractive index. 
 
Figure 3: Plot of experimental observations of refractive index of aqueous ionic liquid-amine ([BMIM] [AC]+MEA) hybrid solvent at different concentration and 
temperature. 
 
1330   Saleem Nawaz Khan et al. /  Procedia Engineering  148 ( 2016 )  1326 – 1331 
 
The measured values of density, viscosity, and refractive index were correlated by the least-square method as a function of 
temperature by using the equations (2), (3), and (4) respectively. The coefficients values in the equations for different ionic 
liquid-amine solvents mass fractions in aqueous solutions are presented in Table 2. In all the equations (2), (3), and (4), the 
variables density, viscosity and refractive index are decreasing with increasing the temperature which is in line with the 
experimental observation. This trend can also be justified with the literature data that with the increase in the temperature values 
the density, viscosity, and refractive index values decrease [24]. This can be explained by increasing the temperature reduces the 
forces of attraction between the molecules of the hybrid solvent. These correlations can be further employed to estimate the 
density, viscosity, and refractive index values at different temperatures. 
 
Taa  10U              (2) 
)exp( 32 Taa  K             (3) 
2
654 TaTaanD             (4) 
 
Where T is the temperature and a0 and a1 are the coefficients of density, a2, a3 are the coefficients of viscosity and a4, a5 and a6 
are the coefficients of refractive index as well. The coefficient values are given in Table 2. 
Table 2: Coefficients of equations (2) to (4) for the prediction of density, viscosity and refractive index of hybrid. 
ρ/g∙cm−3 
(w1+w2) % a0 10
 4a1  
(0.3+0.1) 1.1917 -6.0061 
 
(0.3+0.2) 1.2345 -6.7903 
 
(0.3+0.3) 1.2529 -7.1261 
 
(0.3+0.4) 1.2606 -7.2036 
 
(0.3+0.5) 1.2651 -7.2679 
 
η/mPa.s 
(w1+w2) % a2 a3  
(0.3+0.1) 5867.175 0.02543 
 
(0.3+0.2) 21735.99 0.02827 
 
(0.3+0.3) 117293.3 0.03205 
 
(0.3+0.4) 245728.3 0.03354 
 
(0.3+0.5) 4410813 0.04175 
 
nD 
(w1+w2) % a4 10 
4a5 10
 7a6 
(0.3+0.1) 1.3962 -1.4759 -6.1364 
(0.3+0.2) 1.5387 -6.4247 -6.4091 
(0.3+0.3) 1.4791 -0.7443 -3.6106 
(0.3+0.4) 1.5017 -0.8011 -4.5909 
(0.3+0.5) 1.5467 -3.0974 -0.1818 
 
4. Conclusion 
Physical properties such as density, viscosity and the refractive index of aqueous ionic liquid-amine ([BMIM] [AC]+MEA) 
hybrid solvent at various concentrations of ionic liquid ([BMIM] [AC]) between temperature ranges (298.15-343.15 K) at the 
interval of 5 K were investigated. It was observed from experimental result that with the increase in the concentration of ionic 
liquid in an aqueous solution of ionic liquid-amine hybrid solvent, the density, viscosity as well as refractive index of the hybrid 
solvent increased. The temperature has a reverse effect on these properties though the effect of temperature on viscosity at a 
higher temperature of 340 K and above is less dependent on the concentration of the hybrid solvent. 
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